Oxidative dissolution of chalcopyrite at ambient temperatures is generally slow and subject to passivation, posing a major challenge for developing bioleaching applications for this recalcitrant mineral. Chloride is known to enhance the chemical leaching of chalcopyrite, but much of this effect has been demonstrated at elevated temperatures. This study was undertaken to test whether 100-200 mM Na-chloride enhances the chemical and bacterial leaching of chalcopyrite in shake flasks and stirred tank bioreactor conditions at mesophilic temperatures. Acidithiobacillus ferrooxidans, Acidithiobacillus thiooxidans and abiotic controls were employed for the leaching experiments. Addition of Na-chloride to the bioleaching suspension inhibited the formation of secondary phases from chalcopyrite and decreased the Fe(III) precipitation. Neither elemental S nor secondary Cu-sulfides were detected in solid residues by X-ray diffraction. Chalcopyrite leaching was enhanced when the solution contained bacteria, ferrous iron and Na-chloride under low redox potential (b450 mV) conditions. Scanning electron micrographs and energy-dispersive analysis of X-rays revealed the presence of precipitates that were identified as brushite and jarosites in solid residues. Minor amounts of gypsum may also have been present. Electrochemical analysis of solid residues was in concurrence of the differential effects between chemical controls, chloride ions, and bacteria. Electrochemical impedance spectroscopy was used to characterize interfacial changes on chalcopyrite surface caused by different bioleaching conditions. In abiotic controls, the impedance signal stabilized after 28 days, indicating the lack of changes on mineral surface thereafter, but with more resistive behavior than chalcopyrite itself. For bioleached samples, the signal suggested some capacitive response with time owing to the formation of less conductive precipitates. At Bode-phase angle plots (middle frequency), a new time constant was observed that was associated with the formation of jarosite, possibly also with minor amount or elemental S, although this intermediate could not be verified by XRD. Real impedance vs. frequency plots indicated that the bioleaching continued to modify the chalcopyrite/solution interface even after 42 days.
Introduction
Chalcopyrite (CuFeS 2 ) is a primary Cu-sulfide of considerable interest in biohydrometallurgy because it is abundant but refractory and its bioleaching at ambient temperatures is subject to surface passivation.
Several studies of chalcopyrite leaching with chloride-based solutions have been published over the years (e.g., Al-Harahsheh et al., 2008; Carneiro and Leão, 2007; Kinnunen et al., 2004; Sato et al., 2000) , and they show that chalcopyrite leaching rates with Fe(III)-chloride are faster than with Fe(III)-sulfate. This effect has been related to the formation of a more porous sulfur layer as a secondary phase in the presence of chloride (Liang et al., 2012; Lu et al., 2000) and thus larger areas for reactant diffusion and contact with reactive surface of chalcopyrite. The formation of Cu-chloride complexes and enhanced redox potential are also possible causes for the faster leaching rates (Carneiro and Leão, 2007) . Copper is monovalent in the chalcopyrite structure and its dissolution could increase with the formation of soluble Cu + -Cl − complexes. Cai et al. (2012) detected a secondary, Cl-containing covellite (CuS) phase that hindered chalcopyrite dissolution in chloride leaching. Both chalcocite (Cu 2 S) and covellite have been detected on chalcopyrite surface in sulfate-rich bioleaching experiments (e.g., Ahmadi et al., 2011; He et al., 2012; Xia et al., 2010) . The effect of chloride on acid leaching of chalcopyrite has been quite widely studied, whereas the chloride effect on the bioleaching has gained less attention. On one hand, chloride has been reported to enhance chemical and biological leaching of chalcopyrite (Kinnunen et al., 2004; Ruiz et al., 2012; Yoo et al., 2010) . On other hand, elevated chloride levels in leach solutions are inhibitory to iron and sulfur oxidizing microorganisms (Gahan et al., 2009 (Gahan et al., , 2010 Xiong and Guo, 2011; Zammit et al., 2012) . Shiers et al. (2005) reported that the ability of mesophilic iron-oxidizers to adapt to chloride was limited. However, chloride-tolerant iron-oxidizing acidophiles have now been shown to exist (Davis-Belmar et al., 2008; Wang et al., 2012; Zammit et al., 2012) . Published information shows differences in chloride toxicity to bioleaching microorganisms. For example, Gahan et al. (2009) found that chloride at 4 g/l (110 mM) was lethal to a pyrite-oxidizing microbial consortium that comprised Fe-oxidizers, S-oxidizers and archaea. Deveci et al. (2008) reported that salinity in the range of 1-4% NaCl w/v (170-680 mM NaCl) was increasingly detrimental to mesophilic bioleaching microorganisms. Harahuc et al. (2000) reported that iron oxidation by washed cells of iron-grown Acidithiobacillus ferrooxidans was partially inhibited already at 10 mM KCl, but sulfur-grown cells oxidized iron in the presence of up to 200 mM of chloride. In fact, slight enhancement of sulfur oxidation in the presence of 50 mM KCl was reported and active oxidation of sulfur in the presence of 400 mM KCl was still measurable.
Elemental sulfur formation contributes to the passivation layer in chalcopyrite leaching (Klauber, 2008; Watling, 2006) . Lu et al. (2000) reported that the presence of chloride ion increased the crystallinity and porosity of the sulfur formed during chalcopyrite leaching, giving better access for the oxidant to the mineral surface. In the absence of chloride, chalcopyrite became coated by a poorly crystallized film of sulfur, which may have hindered the leaching. Carneiro and Leão (2007) determined the surface area and porosity of leach residues in the presence and absence of Na-chloride at 95°C. The surface area and porosity of secondary solid phases increased during chalcopyrite leaching with 0.5-2.0 M Na-chloride in the leach solution. Liang et al. (2012) reported that 11 mM sodium Na-chloride greatly decreased the amount of elemental S accumulation during thermophilic bioleaching (65°C) of chalcopyrite.
The purpose of this study was to characterize the effect of chloride on the bioleaching of a chalcopyrite concentrate in the range of 100-200 mM Na-chloride. In an effort to define conditions for enhanced Cu leaching from chalcopyrite, various combinations of iron-and sulfur-oxidizing bacteria were used with Na-chloride, coupled with analyses of solid residues by X-ray diffraction for mineralogical changes and electrochemical studies to examine changes in semiconductor and charge transfer properties of chalcopyrite.
Materials and methods

Bacteria and growth conditions
Acidithiobacillus ferrooxidans LR and Acidithiobacillus thiooxidans FG01 (Garcia, 1991) were used in this study. The cultures were grown in mineral salts medium (MSM) which contained (per liter) 0.5 g each of (NH 4 ) 2 SO 4 , K 2 HPO 4 , and MgSO 4 •7H 2 O. Trace metals were added (mg/l) as FeCl 3 ·6H 2 O (11.0), CuSO 4 ·5H 2 O (0.5), H 3 BO 3 (2.0), MnSO 4 ·H 2 O (2.0), Na 2 MoO 4 ·2H 2 O (0.8), CoCl 2 ·6H 2 O (0.6), ZnSO 4 ·7H 2 O (0.9), and Na 2 SeO 4 (0.1), pH 1.8 (Dopson and Lindström, 1999; Kaksonen et al., 2011) . A. ferrooxidans was grown with 6.6 g Fe 2+ /l, added as 120 mM FeSO 4 ·7H 2 O and sufficient to increase cell yields to N10 8 cells/ml (Tuovinen and Kelly, 1973) . The trace metals and ferrous sulfate were sterilized as separate stock solutions by membrane filtration (0.45 μm). A. ferrooxidans LR was previously also adapted to grow with 2.5% chalcopyrite (Bevilaqua et al., 2002) . A. ferrooxidans also grows with elemental S (S 0 ) but it was not used as a substrate for this bacterium in the present study. A. thiooxidans was grown with 10 g S 0 /l. Sulfur was dry sterilized at 150°C for 24 h. Aseptic techniques were used in handling, inoculation and sampling of the cultures. The cultures were incubated at 26 ± 2°C and at 150 rpm on a rotatory shaker and transferred in fresh media with 10% inocula. Cell counts were not determined in the experiments because of the uncertainty of distribution of attached and planktonic cells during chalcopyrite oxidation. As an approximation, the inoculation of Fe 2+ -grown A. ferrooxidans yielded initial concentrations of the low range of 10 7 cells/ml in chalcopyrite cultures in shake flasks.
Chloride experiments on chalcopyrite bioleaching in shake flasks
The chalcopyrite concentrate sample used in this study was obtained from Vale SA (Rio de Janeiro, Brazil). The concentrate was ground to 100% − 200 mesh (74 μm opening). The bulk concentrate contained 23.0% Cu, 27.3% Fe, 22.9% S, 3.2% Si and 7.0% Ca and comprised chalcopyrite as the only sulfide phase and minor amounts of quartz, hydroxylapatite and hornblende. The bacteria used in this experiment were chalcopyrite-adapted A. ferrooxidans and S 0 -grown A. thiooxidans. The pulp density was 2.5%. The culture media were adjusted to initial pH 1.6 with H 2 SO 4 . Duplicate 150 ml suspensions in 250 ml shake flasks were incubated at 26 ± 2°C and at 150 rpm. Evaporation was compensated for with sterile deionized water. The effect of Na-chloride ion on the bioleaching of the chalcopyrite concentrate sample was studied in shake flasks under several different conditions (Table 1) .
Stirred tank bioreactor leaching experiments with chalcopyrite
Leaching of chalcopyrite (2.5% pulp density) was tested in three bioreactor runs with a total liquid volume of 1.5 l and 10% inoculum of A. ferrooxidans or A. thiooxidans. The design of the baffled bioreactor is shown in Fig. 1 . The bioreactor leaching conditions are specified in Table 2 and they included the addition of 100 mM Na-chloride initially (runs 1 and 2) or after 15 days (run 3) and bacterial inoculation initially (A. ferrooxidans), after 9 days (A. thiooxidans), or 15 days (A. ferrooxidans). The time course of bioreactor leaching was extended to 45 (runs 1 and 2) and 58 days (run 3). The additions were partly chosen on the basis of the shake flask results except in run 3, where the purpose was to test the effect of 100 mM Na-chloride after four weeks of contact time (midway through the time course). The bioreactor leaching was started at initial pH 1.6 for each run to accommodate the increases in pH, which were controlled with manual addition of H 2 SO 4 during the experiments to keep the pH b 2.5. Temperature was held constant at 28 ± 2°C with a water bath. The bioreactors were aerated with 1.5 l air/min and stirred at 180 rpm. Evaporation was compensated for with sterile deionized water. The time course in each experiment was extended based on the cumulative dissolution of Cu.
Analytical methods
Shake flasks were periodically sampled (4 ml) for pH and redox potential (Ag/AgCl/KCl reference) measurements. For chemical and X-ray diffraction (XRD) analysis, the sample volume was increased to 15 ml. Samples for the chemical analyses were centrifuged samples (10,000 g for 15 min) and the concentration of Fe 2+ was determined with the o-phenanthroline method (American Public Health Association et al., 1998) . Aliquots of supernatants were preserved in 1 M HCl for analysis of dissolved Cu and total dissolved Fe by atomic absorption spectrometry. The concentration of Fe 3+ was calculated from the total Fe and Fe 2+ data. Solid residues were washed with dilute H 2 SO 4 (adjusted to the same pH as the culture suspension; pH 1.6-2.0) three times before drying in air at 26°C, followed by storage under Ar headspace. The mineralogical composition was analyzed by XRD (Siemens D-500) equipped with a diffracted-beam monochromator and CuKα radiation. Samples were scanned from 10 to 70°2θ at 0.05°2θ increments with 2 s counting time.
Electrochemical measurements
Samples of leach residues for the electrochemical analysis were chosen from shake flask experiments 1, 5, 7 and 8 ( Table 1 ). The residues were used to prepare carbon paste-modified electrodes (CPE) as previously described . A total powder mixture containing 0.4 g of graphite (Aldrich), 0.1 g of chalcopyrite leach residue (b 400 mesh) and 0.075 g of mineral oil (Nujol) was mixed with chloroform to obtain a homogenous paste which was preserved under O 2 -free atmosphere. The paste was placed in a cavity on the electrode body, in contact with a 7.5 mm 2 Pt-disk with a geometric area of 7.10 mm 2 to be exposed to the solution. For electrochemical analysis an Ag|AgCl| KCl sat assembly, connected to the solution through a Luggin capillary, was used as reference electrode. A Pt-wire was used as the auxiliary electrode and the CPE-residues were the working electrodes. Electrochemical impedance spectroscopy measurements of the CPE-residues were performed using a Reference 600 Gamry potentiostat, equipped with a three-electrode electrochemical cell and CPE-chalcopyrite as working electrode. A Pt-disk electrode connected to the reference by a 10 μF capacitor was used to minimize the noise at low frequency range and the phase shift at high frequency region (Mansfeld et al., 1988) . The impedance spectra were obtained by applying on the open circuit potential value a small root mean square amplitude potential wave (10 mV). The frequency range was varied from 100 kHz to 5 mHz, recording 10 points per frequency decade.
The results of the electrochemical measurements were used to calculate the Nyquist and Bode plots. When a sinusoidal potential or current perturbation with certain frequency is applied to an electrode/ solution interface, the response will be a sinusoidal current or potential signal with the same frequency. The ac potential/ac current ratio (i.e., the resistance to current flow in an ac circuit) is the impedance (Z), defined at a particular frequency ω as
where Z real and Z imag are the real and imaginary parts of impedance, respectively, and j = imaginary unit satisfying √ − 1 (i.e., j 2 = −1).
The Z real is frequency independent, and the Z imag is frequency dependent. The imaginary impedance (−Z imag ) vs. the real impedance (Z real ) gives the Nyquist plot. This is a complex plane where each point is read at selected frequency defined by the frequency interval and the numbers of points/frequency decade are defined in the experimental setup. Frequencies do not appear explicitly. If the system responds as a pure resistance, both the perturbation and response signals are in-phase and the imaginary impedance Z imag is zero. If the system behaves as a pure capacitor, the Nyquist plot is a series of impedance values positioned on the Z imag axis and inversely proportional with the frequency; the real part of impedance Z real is zero. If the system has an inductive behavior, the impedance behaves similarly to the capacitor, but the impedance is directly proportional to the frequency. In both cases, the response signal is out-of-phase with the perturbation signal, by a negative or positive phase angle Φ. The modulus of impedance |Z| is related with both real and imaginary impedance by |Z| = (Z real 2 + Z imag 2 ) 1/2 . The impedance data can also be represented by Bode plots, in which the modulus of impedance as log |Z| or the phase angle Φ is plotted versus log f, where f is the frequency in Hz. The phase angle and modulus of impedance are related with the real and imaginary impedance by Z real = |Z|cos Φ and Z imag = |Z|sin Φ and the phase angle is defined as Φ = tan
Results
Chalcopyrite leaching experiments in shake flasks
The effect of Na-chloride on chalcopyrite bioleaching was examined by using Na-chloride in different combinations with A. ferrooxidans and 
Table 2
Test conditions used in Na-chloride leaching experiments with 2.5% chalcopyrite in bioreactors. All conditions included MSM as the base leach solution.
Run Experimental conditions
Designation 1 100 mM Na-chloride; A. ferrooxidans inoculum added on day 15
Cl + Af(15d) 2 100 mM Na-chloride + A. ferrooxidans; A. thiooxidans inoculum added on day 9
Cl + Af + At(15d) 3 A. ferrooxidans; 100 mM Na-chloride added on day 15 Af + Cl(15d) Af = A. ferrooxidans; At = A. thiooxidans; Cl = 100 mM Na-chloride.
A. thiooxidans cultures and abiotic controls. The results showed that 100 mM Na-chloride had a negligible effect on copper dissolution in abiotic controls (Fig. 2 ). Chalcopyrite leaching with A. thiooxidans resulted in slightly elevated copper dissolution, which was attributed to sulfur oxidation to sulfuric acid. The yield of Cu leaching by A. thiooxidans was low as compared to the bioleaching of Cu in A. ferrooxidans cultures.
Copper dissolution decreased with time in the presence of Na-chloride and A. ferrooxidans, and a similar trend was observed in spent medium. The highest extent of copper dissolution was obtained with 100 mM Na-chloride and A. ferrooxidans combination that received an additional A. thiooxidans inoculum on day 15. Time courses of copper dissolution in other cultures with Na-chloride displayed similar patterns of gradual rate decline. These data suggested that hindered dissolution of copper was caused by surface passivation of chalcopyrite, which may be caused by precipitation of jarosite and/or formation of secondary solid phases during chalcopyrite oxidation such as CuS or S 0 . This phenomenon, chalcopyrite passivation, has been previously reported in numerous bioleaching studies (e.g., Ahmadi et al., 2011; Sasaki et al., 2009; Watling, 2006; Xia et al., 2010 (Fig. 3) . In the absence of Na-chloride, the concentrations of Fe remained low in abiotic controls and in A. ferrooxidans cultures (Fig. 3) . In cultures containing Na-chloride and bacterial inocula, the concentration of dissolved Fe increased, whereas the level of Fe 2+ remained Table 1 for specific experimental details. Table 1 for specific experimental details.
low (Fig. 3) . It is possible that stabilization of dissolved ferric iron complexes with chloride ion decreased Fe(III)-precipitation, thus contributing to the increase in dissolved Fe. As shown in Fig. 4 The results also showed that the dissolved Fe concentration increased in parallel with redox potential (Fig. 3) . The pH values in the Na-chloride-containing abiotic controls increased over 20 days of contact in leach solution. In the inoculated flasks the pH values started to decrease after 2 weeks, indicating acid formation. Oxidation of the S entity of CuFeS 2 is an acid-forming reaction but it was not measured in this study. The decrease in pH was not a direct result of ferric iron hydrolysis and precipitation because the concentration of dissolved Fe continued to increase. Fe(III) precipitation was evident in abiotic controls that included 100 mM Na-chloride. Fig. 6 shows the time course of Cu dissolution when 100 mM Na-chloride was added to A. ferroxidans culture on day 44. Cudissolution was slightly enhanced whereas in the parallel reference culture (no Na-chloride addition) Cu-dissolution continued at a declining rate, which was attributed to passivation of chalcopyrite surface. As the dissolved Cu data were not immediately available due to analytical delay, the experiment was terminated before the two curves were resolved better.
Chalcopyrite leaching in stirred tank bioreactors
Three bioreactor runs were conducted at 2.5% pulp density of the chalcopyrite concentrate: run 1) MSM with 100 mM Na-chloride and inoculation of A. ferrooxidans after 15 days of contact time; run 2) MSM with 100 mM Na-chloride and A. ferrooxidans, with inoculation of A. thiooxidans after 9 days of contact time; and run 3) MSM with A. ferrooxidans and addition of 100 mM Na-chloride after 28 days of contact time. The results are presented in Fig. 7 . The pH values in the bioreactor that included A. ferrooxidans and 100 mM Na-chloride (run 1) increased over time although the culture was daily adjusted to pH 2.5. Addition of A. thiooxidans on day 9 to the bioreactor that contained Table 1 for specific experimental details.
A. ferrooxidans and 100 mM Na-chloride (run 2) controlled the increasing pH only slightly, but subsequently the concentration of dissolved Fe started to increase. In run 3 with A. ferrooxidans, the dissolved iron concentration increased after the addition of 100 mM Na-chloride on day 28. The concentrations of Fe 2+ remained low in all bioreactor experiments. The redox potentials and yields of copper leaching remained lower in run 1, which initially contained 100 mM Na-chloride, than in runs 2 and 3. The results also showed that Na-chloride addition transiently decreased the redox potential, perhaps because of the inhibition of ferrous iron oxidation caused by Na-chloride. Because of the NaCl addition, the midpoint of the redox potential may have been lowered by ferric iron-chloride complexes but further thermodynamic analysis was not within the scope of this study. The inhibition of the oxidation of the S-entity and intermediates may also be involved.
XRD analysis of solid residues
Chalcopyrite dissolution by bacterial leaching usually yields elemental S, typically as a sulfur rim on the mineral grains as part of the passivation effect, and its further oxidation to sulfate is relatively slow even in the presence of sulfur-oxidizing acidithiobacilli (Klauber, 2008; Watling, 2006) . Possible reasons for slow elemental S oxidation include tenacity and the lack of porosity of the elemental S layer, constraining bacterial access to solid substratum (He et al., 2012; Rodríguez et al., 2003) . Intermediate elemental S may not be detectable by XRD because, as an approximation, XRD detection level of crystallized phases is about 2% in solid samples depending on the mineralogical composition, sample matrix and instrumentation. Several studies have reported the lack of XRD detection of elemental S in chalcopyrite leach residues (e.g., Fu et al., 2008; Liang et al., 2012; Zhou et al., 2007) . Jarosite type minerals are also common components in chalcopyrite passivation layer in mesophilic and thermophilic bioleaching of chalcopyrite (Fu et al., 2008; He et al., 2009 He et al., , 2012 Panda et al., 2013; Xia et al., 2010) . Secondary Cu-sulfides have also been found in passivation layers during chalcopyrite bioleaching (Klauber, 2008; Sasaki et al., 2009; Watling, 2006; Zeng et al., 2013) . Fig. 8 presents X-ray patterns of an untreated chalcopyrite sample and solids after 28, 42 and 58 days of leaching with A. ferrooxidans in shake flasks. The untreated sample contained chalcopyrite as the major phase (d = 3.04 Å) and minor amounts of hornblende (d = 3.13 Å) and hydroxylapatite (d = 3.44 Å), the peak possibly overlapping with quartz. Other peaks could not be identified with certainty because of their low relative intensity in the baseline. The solids after 28 days of contact with A. ferrooxidans culture contained chalcopyrite, hornblende and quartz. Gypsum (CaSO4·2H 2 O; d = 4.27 Å) was identified as a secondary phase. After 42 days of contact, gypsum and brushite (CaPO 3 (OH)·2H 2 O; d = 7.60 Å) were the main secondary phases. Additionally, a minor phase of jarosite was detected in 58 day samples. The main peak assigned to a jarosite type mineral was a shoulder (d = 3.07 Å) because it was partly masked by the main peak of chalcopyrite (d = 3.04 Å). Other peaks of the minor jarosite phase cannot be discerned from the baseline in Fig. 8 . The solubilization of the minor impurity, hydroxylapatite, is believed to be the source gypsum and brushite. Fig. 12 . X-ray diffractograms of solid residues from bioreactors after 34 days of leaching. Bioreactor 1: A. ferrooxidans followed by 100 mM Na-chloride addition on day 15; bioreactor 2: A. ferrooxidans and 100 mM Na-chloride followed by addition of A. thiooxidans inoculum on day 9; bioreactor 3: 100 mM Na-chloride followed by addition of A. ferrooxidans inoculum on day 15. Letter designations: B = brushite, C = chalcopyrite, H = hornblende, and J = jarosite. The vertical bar shows the relative scale of counts. The d-values are given in Ångströms.
In contrast, only chalcopyrite and hornblende were detected in solids after 14 days of contact with A. ferrooxidans and 100 mM Na-chloride in shake flasks (Fig. 9) . The second intense peak (d = 2.71) is assigned to silica wafer in the sample holder, which was not completely full with the sample material. Neither S 0 nor secondary Cu-sulfides (e.g., Cu or Cu 2 S) were detected with XRD in solid residues in these experiments (Figs. 8 and 9 ). They were also undetectable after 15 days of contact with 100 mM Na-chloride and the mixture of A. ferrooxidans and A. thiooxidans (data not shown). XRD analysis of solid residues after 42 days of contact in abiotic controls ± Na-chloride showed that these samples were free of any secondary phases (data not shown), indicating that the formation of solid phase reaction products was of minor significance. X-ray diffractograms of solids from two A. ferrooxidans cultures sampled on day 58 are compared in Fig. 10 . Both suspensions were re-inoculated on day 44, at which time one culture also received 100 mM Na-chloride. Solids from the culture without Na-chloride contained brushite, gypsum, and jarosite as major secondary phases. In the parallel Na-chloride-supplied culture the secondary solid phases were relatively less abundant. The peak at d = 3.13 Å is assigned to hornblende but may also mask a minor amount of a jarosite type precipitate.
After 58 days of contact with A. ferrooxidans culture and 100 mM Na-chloride (with A. thiooxidans added on day 15), secondary phases were not detected in residual solids (Fig. 11) . Quartz was relatively enriched and minor peaks were detected for hydroxylapatite and hornblende. The lack of secondary phases in the residual solids indicated that sulfur compounds and ferric iron remained in solution with 100 mM Na-chloride. Under more oxidizing conditions (Set 9, spent A. ferrooxidans medium with bacteria and 100 mM Na-chloride), the jarosite peaks were pronounced and brushite was also present. In other 58 day solids, jarosite in A. ferrooxidans cultures was below the level of XRD detection with 100 mM Na-chloride, and none of the samples contained elemental S or secondary Cu-sulfides (data not shown).
Residual solids from the bioreactor runs after 34 days of operation were also characterized by XRD. In run 1, solids contained residual chalcopyrite and hornblende, and brushite and a jarosite type mineral were detected as secondary phases (Fig. 12) . Similarly, these phases Table 3. were detected in solids from run 2. Neither brushite nor jarosite peaks could be resolved in X-ray diffractograms for residual solids from run 3. Fig. 13 shows SEM micrographs of solid residues from shake-flask experiments in inoculated MSM (no Na-chloride) and the corresponding EDXS spectra. The data for spot analyses of different types of precipitates, particles and corroded/pitted regions are summarized in Table 3 .
Energy dispersive X-ray spectroscopy (EDXS)
In general, particle surfaces were relatively clean in the SEM micrographs. In few instances, the particles displayed corroded appearance and coatings with precipitates that could represent jarosites, brushite or other secondary phases. Secondary, Fe-deficient Cu-sulfides and S 0 , if present, were below the detection level by XRD. The presence of P in the precipitates was also noted, and may be in keeping with brushite detected in X-ray diffractograms, or unreacted hydroxylapatite present in the original sample. Ca and P containing phases displayed increased weathering in the presence of Na-chloride. In order to confirm the chemical nature of different features observed on the residues, EDXS microanalysis was performed at representative (magnification 350×, EDXS numbers 1, 6, 12 and 19) and spot areas (Table 3 ). The other EDXS numbers (Table 3) correspond to the composition of the different regions analyzed for each sample.
In sample 1 residues of Set 8 (MSM, no bacteria and no Na-chloride), no major change was noticed for the appearance of chalcopyrite surfaces; Ca-and P-containing particles showed signs of corrosion; P-, S-and Fe-containing precipitates were aggregated on some particle surfaces. In sample 2 residues of Set 7 (MSM with Na-chloride, no bacteria), Ca-and P-containing particles were extensively corroded and there were P-, S-and Fe-containing precipitates on some particle surfaces. In sample 3 residues of Set 5 (MSM, with bacteria, no Na-chloride), P was not found in solids, whereas S-and Fe-containing precipitates were detected. Ca was also detected, suggesting the presence of gypsum; chalcopyrite surface did not show much corrosion or pitting as expected due to its refractory nature in the bioleaching. In sample 4 residues of Set 1 (MSM with bacteria and Na-chloride), Si was detected in some corroded particles (and Mg in one sample), suggesting the presence of silicate phase(s) (possibly quartz or hornblende) in the concentrate; Ca-and P-containing particles showed extensive corrosion; chalcopyrite surfaces did not show much corrosion or pitting; and Feand S-containing precipitates were detected on mineral grains, ascribed to jarosites.
Electrochemical characterization of solid residues
Electrochemical impedance spectroscopy (EIS), as used in this work, is related to the behavior of the electrode surface/solution interface only and it was chosen to better resolve changes on the mineral surface under different bioleaching conditions. It involved applying small AC potential perturbation on the open circuit potential or on desired DC potential by varying the frequency and recording certain number of points/frequency decade.
A CPE in MSM without Fe , at least two orders of magnitude lower that the CPE graphite because chalcopyrite, by comparison to graphite, is more readily oxidized in the electrochemical system (Horta et al., 2009) . EIS measurements are difficult to perform during the bioleaching because electrochemically active minerals are suspended in solution and not fixed to the electrode surface. Therefore, EIS measurements were carried out with solid residues from selected bioleaching experiments to characterize their impedance behavior. Fig. 14 shows the EIS diagrams obtained for the abiotic control (Set 8, Control, Table 1 ). At least two time constants were observed, one with a phase angle around − 70°centered at 56 Hz, and the other was not well-defined at frequencies b0.1 Hz. The modulus of impedance was around 300 kΩ after 14 days and decreased by one order of magnitude after 28 days of leaching. This resistive behavior matched with the Nyquist plots. After 28 days the EIS signal stabilized and no further differences were observed for solids that had been leached for 42 d. The modulus of impedance was much higher than that determined for the CPE-chalcopyrite and the phase angle value Table 3 EDXS analysis of solid residues from shake flask chalcopyrite leaching experiments. The outline of the SEM/EDXS analyses is illustrated in Fig. 13 .
Experimental condition EDXS no. SEM-EDXS analysis (wt.%) XRD summary of solid phases identified in the Set S Fe P Cu Ca MSM only (no Na-chloride, no bacteria) Designation: Control (Set 8, was the same but shifted to lower frequency, indicating that the residue from the bioleaching was passive as compared to chalcopyrite. Electrochemical response was also determined for solid residues from the abiotic control that was leached with 100 mM Na-chloride (Set 7, Cl, Table 1 ). Two time constants were observed, one appearing at higher frequency. For the 14 day sample, the phase angle and the corresponding frequency (Fig. 15B) were almost the same as in the control shown in Fig. 14 (Set 8, Table 1 ). For the 14 and 28 day samples, the phase angle was increased to about − 80°as compared to the control, and the maximum increased indicating an increase in the capacitive behavior. These results are consistent with the formation of less conductive precipitates as a consequence of the pH increase (Fig. 5 ) and the decrease in the concentration of ferrous and total iron in the solution. All these results suggest the passivation of the chalcopyrite surface. For 42 day samples the behavior was similar to that observed for the control as the other time constant appeared at the low frequency region.
After 14 days of leaching, the phase angle reached 30°, while with the 28 and 42 day samples the phase angle increased to about 55°and 45°, respectively, and a higher dispersion was noted which was attributed to the presence of Na-chloride. The higher dispersion in the presence of Na-chloride means that chloride ion disturbs the passive layer by decreasing the precipitation of iron and modifying the XRD-undetectable S 0 layer. In a previous study of CPE-chalcopyrite using electrochemical noise analysis (Horta et al., 2009) , high dispersion was observed around zero in the admittance versus time after adding chloride ion to the sample solution. This finding indicated that the system became electrochemically active, whereas in the absence of chloride only a low dispersion around zero was detected in the corresponding admittance time course curves. No dispersion was observed when A. ferrooxidans was added to the system in the absence of chloride ion. This response was similar to the passive behavior due to bacterial adhesion on the CPE-chalcopyrite surface (Horta et al., 2009 ). Fig. 16 shows the EIS diagrams for solids from A. ferrooxidans cultures with residues of Set 5 and without 100 mM Na-chloride, and residues of Set 1 after 14 and 42 days of leaching. All conditions presented at least two time constants as observed before. However, the lowest frequency was not well defined. The presence of bacteria increased the maximum, centering at around 56 Hz. A new time constant centered at 1 Hz for residues of Set 5 (condition 3) was observed. In the presence of Na-chloride and bacteria, the Bode phase angle-frequency curves for residues of Set 1 (condition 4) were comparable with the 14 and 42 day samples of residues of Set 7 (condition 2), although the actual interfacial phenomena may be different. The impedance modulus value at the lowest frequency was the highest for residues of Set 1 condition 4 (42 day sample). The values were the same for the 14 and 42 day residue samples of Set 5 (condition 3) and the 14 day sample of residues of Set 1 (condition 4). For residue samples from Set 8, Set 7, and Set 5 conditions 1 to 3, the impedance modulus values oscillated at low frequencies.
The presence of a new time constant at middle frequency in inoculated experiments is attributed to the formation of secondary phases (at least brushite and jarosite) and bacterial biofilm. The residue from these treatments should be more stable and thus be less subject to 
B Fig. 15 . Impedance diagrams of (A) Nyquist and (B) Bode phase angle, −Φ and log|Z| vs. log f, determined for solid residues from the abiotic chalcopyrite control leached with 100 mM Na-chloride (Set 7, Cl, Table 1 ). The geometric area exposed to the solution was 7.1 mm Table 1 ). The geometric area exposed to the solution was 7.1 mm 2 .
dispersion at low frequencies. The influence of the presence of bacteria is more evident based on real impedance versus frequency plots (Fig. 17) . The effect of bacteria in the presence and absence of Na-chloride was also observed at the high frequency region. No difference in impedance was observed in the absence of bacteria (Fig. 16) . The combined action of bacteria and Na-chloride suggested that the leaching process was not stabilized even after 42 days, as indicated by the linear response of real impedance versus frequency (Fig. 17) at low frequency region.
Discussion
The dissolved Fe concentration was about 120 mM in A. ferrooxidans cultures, mostly as Fe 3+ due to bacterial oxidation of iron. Jarosite precipitation varied depending on the contact time and the presence of Na-chloride. The addition of 100 mM Na-chloride to cultures minimized jarosite precipitation, and the concentration of dissolved Fe increased with time when jarosite was only a relatively minor phase. Secondary Cu-sulfides and S 0 were not found in the solid residues by XRD. However, secondary Cu-sulfides form during chalcopyrite bioleaching (Ahmadi et al., 2011; He et al., 2012; Xia et al., 2010) (Qin et al., 2013) . In the present study, the influence of new solid phases such jarosites formed during the leaching reactions could be detected by EIS by comparing the increase in the modulus of impedance and changes in the phase angle values and their frequency values with the untreated chalcopyrite response. Neither Na-chloride alone nor A. thiooxidans improved Cu dissolution from chalcopyrite. Cu dissolution was improved in the presence of 100 mM Na-chloride and A. ferrooxidans compared to the bioleaching only with bacteria. The second addition of 100 mM Na-chloride was initially inhibitory to bacterial oxidation of iron, but the culture adapted to Table 1 ). The geometric area exposed to the solution was 7.1 mm . tion of dissolved Fe increased in inoculated flasks containing100 mM Na-chloride in parallel with redox potential and a decrease in pH. In Na-chloride-containing abiotic controls the pH values increased and iron precipitated, whereas jarosites were not detected in Na-chloride-containing inoculated cultures. The chemical leaching of chalcopyrite was not enhanced with the addition of 100-200 mM Na-chloride.
The two time constants observed in EIS diagrams may be attributed to (i) the semiconductor character of chalcopyrite, with the secondary phases covering the electrode surface (at high frequencies), and (ii) the charge transfer processes at low frequency region involving different electrochemical reactions such as chalcopyrite oxidation, corrosion of mineral particles, and formation of precipitates (brushite and jarosite). The time constant at high frequency is also influenced by the presence of biofilm (Bevilaqua et al., 2004) . At the high frequency region the changes in Bode phase angle and impedance modulus are related to the presence of different solid phase products formed during the bioleaching. These products (brushite and jarosite) accumulate on chalcopyrite surface leading to the modification of impedance diagram when compared with pure chalcopyrite. For instance, the modulus of impedance of CPE-(20 wt.%) chalcopyrite is about 30 kΩ (Bevilaqua et al., 2011) , while the solid residues from different experimental conditions of bioleaching showed impedance modulus values at least one order of magnitude higher. Jarosite and bacterial attachment in the inoculated experiments may be responsible for the new time constant at middle frequency. This signal may also be interpreted to involve extracellular polymeric materials produced by iron-oxidizing bacteria under bioleaching conditions (Gehrke et al., 1998; Rohwerder and Sand, 2007; Sand and Gehrke, 2006; Skłodowska and Matlakowska, 1998) .
Mixed Cu and Fe oxides may also form on mineral surfaces due to the exposure to air, and they can decrease the conductive nature of the electrode. In acidic media oxide layers on mineral surfaces are removed by acid attack, which may contribute to low but continuous copper dissolution seen in time course graphs. Analysis of impedance with high frequency also demonstrated that bacteria influenced the oxidation both in the presence and absence of Na-chloride. Mineral surface oxidation was not observed in the absence of bacteria. The differences can be attributed to bacterial enhancement of mineral surface oxidation and chloride modification of dissolution and precipitation products. These two processes result in a combined effect, which may be responsible for the continuing leaching process even after 42 d, as indicated by the response at low frequency region.
Conclusions
Na-chloride at 100 mM concentration did not affect the chemical leaching of copper from chalcopyrite. The dissolution was enhanced in the presence of 100 mM Na-chloride and A. ferrooxidans compared to leaching with A. ferrooxidans without Na-chloride. S 0 was not detected during chalcopyrite leaching in the presence of 100 mM Na-chloride and A. ferrooxidans. Fe(III) precipitates were not detected under these conditions either, except when a spent culture of A. ferrooxidans containing 120 mM Fe 3+ was used. As corroborated by EIS analyses, the combined action of bacteria and Na-chloride suggested a synergistic effect on chalcopyrite dissolution because the leaching process continued even after 42 days of contact time. It is evident that EIS is a good tool to demonstrate the influence of new phases formed during leaching and bioleaching of minerals by analysis of their residues.
